The extravascular penetration and bactericidal activity of aztreonam, cefuroxime, and ampicillin against ,-lactamase-positive and -negative Haemophilus influenzae strains were compared in a rabbit model. All groups of animals received an identical total dose of 100 mg of either antibiotic per kg given by four different intravenous modes of administration including a single large injectiorl, four intermittent injections, a continuous infusion, and an injection followed by an infusion. Aztreonam had a higher degree of penetration in interstitial fluid and fibrin clots and was the most effective agent against 13-lactamase-positive and -negative H. influenzae. A single large injection of either drug resulted in sigitificantly higher peak levels and higher initial area under the curves of concentrations of drugs in serum, the interstitial fluid, and fibrin clots than those by other modes of administration. Continuous infusions of antibiotics resulted in poor in vivo bactericidal activity. Other modes of administration exhibited good antibacterial activity within the first 6 h of the study.
The extravascular penetration and bactericidal activity of aztreonam, cefuroxime, and ampicillin against ,-lactamase-positive and -negative Haemophilus influenzae strains were compared in a rabbit model. All groups of animals received an identical total dose of 100 mg of either antibiotic per kg given by four different intravenous modes of administration including a single large injectiorl, four intermittent injections, a continuous infusion, and an injection followed by an infusion. Aztreonam had a higher degree of penetration in interstitial fluid and fibrin clots and was the most effective agent against 13-lactamase-positive and -negative H. influenzae. A single large injection of either drug resulted in sigitificantly higher peak levels and higher initial area under the curves of concentrations of drugs in serum, the interstitial fluid, and fibrin clots than those by other modes of administration. Continuous infusions of antibiotics resulted in poor in vivo bactericidal activity. Other modes of administration exhibited good antibacterial activity within the first 6 h of the study.
Thereafter, a single large injection of aztreonam resulted in a much more rapid killing of H. influenzae than that by injection of the other drugs. Aztreonam and cefuroxime showed good in vivo stability to ,3-lactamase produced by H. influenzae while ampicillin was rapidly hydrolyzed in vivo.
The influence of the mode of administration on the penetration and efficacy of antimicrobial agents is still a matter of controversy (2, 4, 20, 33) . Some investigators have suggested that the most effective mode of treatment should provide tissue concentrations of antibiotic continuously in excess of the minimal concentration inhibiting the pathogen (13, 23) . Continuously maintained bactericidal levels are particularly important to effect cure in cases of invasive infections such as bacterial endocarditis (35) , meningitis (24) , or infections in neutropenic or cancer patients (8, 9, 14, 37) , in whom host defenses may be impaired. Other investigators have demonstrated that these constant bactericidal levels of drug may not be necessary (7, 28, 29) and that frequent administration of antibiotics at short intervals is as effective as constant infusion, since it results in significant accumulation of drugs in interstitial fluid (17) and tissues (1, 4) . Any mode of administration producing higher penetration into extravascular sites may be clinically advantageous, since most infections, including those caused by Haemophilus influenzae, occur outside the bloodstream. It is likewise difficult to define the influence of the concentration obtained in the extravascular compartment on the bactericidal activity of antibiotics since most investigators have only evaluated the pharmacology of antibiotics (2, 11, 33) , or have studied the bacteriological outcome of therapy (9, 14, 23) , without specifically analyzing tissue penetration of drugs and the kinetics of bacterial killing at the site of infection.
In an effort to clarify these issues, we compared simultaneously the tissue penetration and bactericidal activity of three P-lactanm antibiotics including a monobactam (aztreonam), a cephalosporin (cefuroxime), and a penicillin (ampicillin) against P-lactamase-positive and -negative H. influenzae strains. We used a rabbit model involving the * Corresponding author.
insertion of preformed fibrin clots into subcutaneous tissues (1) . In this model the bacteria inserted in the clots are in direct contact with the antibiotic alone, without major intervention from host defenses. Fibrin also has the advantage of representing a regular constituent in inflammatory reactions of infected tissues. We have also studied the influence of P-lactamase production by bacteria into the fibrin clots on the levels and efficacy of antibiotics.
( (5) by a microdilution method in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) with an inoculum of 106 CFU/ml.
Rabbit model. As previously described (6), New Zealand White female rabbits (weight, 2 to 3 kg) were given an intramuscular injection of 20 mg of chlorpromazine per kg. Both flanks were shaved and swabbed with iodine and alcohol. The skin was anesthetized with a 2% lidocaine, and a 4-cm incision was made. After blunt dissection of the skin, four to six clots were placed in each subcutaneous pocket to limit clustering. Autoclips (18 mm) ). This solution was supplemented with 5% brain heart infusion broth (sterile or infected with an inoculum of 5 x 107 CFU of either strain of H. influenzae per ml) and distributed in a 2-ml volume into siliconized test tubes (13 by 100 mm). One-tenth milliliter of bovine thrombin (250 U/ml; Parke Davis and Co., Detroit, Mich.) was added to each tube. The resulting clots were then gently removed, dialyzed in sterile saline solution at 37°C for 60 min, and immediately inserted subcutaneously in rabbits. In our model, the size, volume, and exchange surface (34) of extravascular sites were identical in all animals. The initial concentrations of proteins in fibrin clots and interstitial fluid were similar (<15% of protein content in serum).
Determination of drug concentrations. Clots were weighed and homogenized in a 1% solution of trypsin (Difco) in a volume equal to the weight of the clot. Trypsin had no effect on antibiotic activity and did not significantly influence the bacterial count. Dissolved clots, serum, and interstitial fluid samples were bioassayed by a conventional agar diffusion method with Escherichia coli MB 3804 as the assay organism and tryptic soy agar (Difco) as the medium. The lower limit of detection was 0.1 ,ug/ml for all drugs. Standard solutions were prepared by diluting known amounts of antibiotics in rabbit serum for serum, in trypsinized fibrin clots for clots, and in Krebs-Ringer solution (22) for interstitial fluid. The degree of protein binding of antibiotics to rabbit serum was determined by an equilibrium dialysis technique (3).
,-Lactamase stability and in vivo efficacy. The in vivo stability of the three antibiotics to hydrolysis by P-lactamase during the four therapeutic regimnens was determined by comparison of drug levels in fibrin clots infected with Plactamase-negative H. influenzae ATCC 10211 and Plactamase-positive H. influenzae C-158. As previously described (4), the efficacy of the various regimens was evaluated by analysis of the bacterial content of infected clots at each timed interval. Appropriate dilutions of trypsinized clots were inoculated on chocolate agar followed by incubation at 37°C for 24 h. Since 0.1-ml samples were spread over the entire surface of a 140-mm agar plate drug carryover was not a problem.
The rate of bacterial killing in fibrin clots during the different regimens was compared by three mathematical parameters: (i) the variation between bacterial count in fibrin clots at the beginning and the end of therapy (log1o CFU/g);
(ii) the kinetics of bacterial killing over a 24-h period as described by Sande et al. (27) 25.7 p,g/ml, respectively, and identical mean trough levels of 0.1 ,ug/ml (lowest limit of sensitivity of the assay) (Fig. 2) . The mean peak interstitial fluid concentrations obtained by injections of aztreonam (33.6 ,ug/ml) were significantly higher than thos'e observed after injections of cefuroxime (15.6 p.g/ml) and ampicillin (11.6 ,ug/ml) (P < 0.01). After 6 h of each injection, the mean trough concentrations in interstitial fluid were 2.8 ,ug/ml for aztreonam, 0.1 ,ug/ml for cefuroxime, and 0.1 1ig/ml for ampicillin. After intermittent injections of aztreonam, fibrin clot levels increased progressively to reach a maximum level of 6.2 ,ug/g at 18.5 h. This accumulation of drugs in fibrin clots was not observed with cefuroxime and ampicillin which reached respective peak concentrations of 1.4 ,ug/ml at 2 h and 0.4 ,ug/g at 1 h. steady-state concentration of antibiotics in serum was achieved within 2 h of infusion (Fig. 3) . The mean maximum levels in serum were 9.2 ,ug/ml for aztreonam, 4.3 ,ug/ml for cefuroxime, and 2.8 ,ug/ml for ampicillin. At 1 h, levels of aztreonam in interstitial fluid were in equilibrium with those of serum. Respective peak levels of 2.8 and 1.7 ,ug of cefuroxime and ampicillin per ml were reached at 4 h. Those initial levels decreased steadily thereafter to achieve final concentrations of 0.5 and 0.6 ,ug/ml. The levels of drugs in fibrin (lots increased progressively to achieve steady-state levels at 12 h for aztreonam, at 3 h for cefuroxime, and at 2 h for ampicillin. At the end of the continuous infusion, (iv) Bolus plhs infusion. The bolus plus infusion regimen resulted in an initial peak serum concentration of 50.6 jig/ml for aztreonam, 41.2 jig/ml for cefuroxime, and 26.5 p,g/ml for ampicillin (Fig. 4) . These levels decreased progressively to achieve respective levels of 6.2, 1.3, and 1.0 ,ug/ml. Interstitial fluid levels paralleled those of serum during the first 6 h and decreased to achieve levels at 24 h of 5.2, 0.7, and 0.5 jig/ml. The However, the rate of killing of H. influenzae ATCC 10211 was greatly influenced by the different regimens. After bolus injection and bolus plus infusion, H. influenzae titers were reduced by 5 and 4 log10 CFU/g, respectively. Intermittent injections reduced the count by 1 log10 CFU/g, and a continuous infusion reduced the count by 0.5 log10 CFU/g. Tissue penetration and efficacy parameters. Parameters for the evaluation of tissue penetration and efficacy are presented in Table 2 . Each tissue penetration variable was paired with either efficacy parameters and compared by the F test. The best correlation was observed between the ratio of the AUC in fibrin clots to the AUC in serum and the killing index (F = 5.71), while there was no correlation between the ratios of peak levels in fibrin clots and serum and the killing index (F = 0.078). A poor correlation between the time above the MIC and efficacy was observed (F = 2.52). DISCUSSION It is extremely hard to draw any conclusion from the literature on the issue of whether antibiotics should be administered by intermittent administration or by continuous infusion. The difficulty resides in the fact that most investigators have limited their animal or clinical studies to the pharmacokinetic aspects of antimicrobial agents, or else they have evaluated the clinical outcome of antibiotic therapy without specifically analyzing simultaneously the distribution of drugs at the site of infection. Both issues have only rarely been dealt with concurrently (15, 16, 18, 25, 28, 29) .
In this study, we studied simultaneously the interrelation between the concentration of antibiotics in serum, interstitial fluid, and fibrin clots and their efficacy in vivo. We showed that a single large injection results in significantly higher peak levels and in higher initial AUCs of drugs in serum, interstitial fluid, and fibrin clots than other modes of administration. Continuous infusions of antibiotics resulted in poor bactericidal activity, whereas other modes of administration showed good antibacterial activity in the first 6 h of the experiments. Thereafter, a single large injection of aztreonam and ampicillin resulted in much more rapid killing of sensitive bacteria than did injection of cefuroxime. Injection of 100 mg of cefuroxime per kg was very effective in the first 12 h, but as drug levels decreased below the MIC, regrowth of bacteria was observed. As demonstrated previously (4, 13) and confirmed in this study, high peak concentrations of antibiotics reached rapidly at the infected site are an important factor in the outcome of therapy. Fibrin clots are extremely hard to penetrate (1), and bolus injections probably allow rapid penetration of antibiotics into the core of the fibrin clots, thus inhibiting the microorganisms which otherwise could have been protected if drugs would have only penetrated the fibrin clots superficially. A large gradient between serum and tissue is probably necessary to allow antibiotics to penetrate all layers of infected tissues. This progressive diffusion of drugs has been demonstrated by other investigators who have used autoradiographic techniques to study the diffusion of labeled antibiotics into abscesses (19, 32) . They have shown that there is a decreasing gradient in the concentration of drug toward the interior of tissues. Although the antibiotic levels were above the MIC at most time intervals, the other modes of therapy were less effective than was a single large injection. This observation also suggests that bacteria might have been protected in the core of the fibrin clots. This was especially true in the continuous infusion in which the gradients between serum and fibrin clot concentrations are very low and resulted in poor efficacy. These results are in accordance with results of our previous study in which the combination penicillingentamicin given by continuous infusion was less effective in reducing the titer of Streptococcus faecalis in fibrin clots than was a bolus injection (4) . Continuous infusion may allow drugs to penetrate deeply in the fibrin, but this requires considerable time, thereby allowing bacteria to be maintained in high numbers in the fibrin clots. These numbers may prejudice antibiotic activity. Furthermore, in the presence of high bacterial counts, more P-lactamase may be produced at the site of infection and may neutralize antibiotics. This may explain why after continuous infusion, no ampicillin could be detected in the fibrin clots inoculated with the P-lactamase-producing H. influenzae. In contrast, after a single large injection, substantial amounts of ampicillin could still be detectable in the clots, even though the strain was resistant. A continuously maintained concentration above the MIC for the pathogen may not be indispensable in cases of infection in which both host defenses and drugs are operative (7, 13, 28, 29) . Schmidt et al. (28, 29) have shown that an acceptable delay of up to 8 h with levels below the MIC is acceptable in some types of infection. Eagle et al. (13) also have demonstrated that some microorganisms continue to be inhibited even after concentrations of antibiotics fall below the MIC. However, high initial tissue levels may be crucial in the initial phase of severe infections caused by bacteria with borderline MICs, especially 3-lactamase-producing gram-positive microorganisms which secrete their Plactamase outside the cell. To cure fulminant infections it is probably necessary to reach high antibiotic levels in tissue very rapidly. The value of the initial levels of antibiotics on the outcome of Streptococcus pneumoniae meningitis has been stressed recently by McCracken et al. (23) . Moreover, studies by Klastersky et al. (21) on aminoglycoside penetration into bronchial secretions have shown that intermittent injections can result in higher levels in the first 2 h after administration of the antibiotic than can continuous infusion, which did not achieve at any time satisfactory inhibitory activity against members of the family Enterobacteriacae and Pseudomonas aeruginosa recovered in the bronchial tree. Antibiotic levels in bile have also been shown to be higher by the intermittent schedule than by continuous infusion (31) . Using their experimental meningitis model in rabbits, Sande et al. (27) observed an enhanced bactericidal effect with intermittent infusion of penicillin early in the treatment period (only between the first and second hours of therapy), which is a reflection of higher levels in cerebrospinal fluid. In this study, during the remaining 6 h of treatment, the magnitude of bacterial killing (change in log titer) was identical in groups of animals receiving either intermittent or continuous dosages.
In our experiments we demonstrated that a continuous (10) and in human interstitial fluid (36 In the first few hours after injection, drug levels in interstitial fluid paralleled those in serum. Similar results have been reported when ampicillin and cefuroxime were studied in interstitial fluid absorbed by cotton threads implanted under the muscle fascia (26) . In contrast, the pharmacokinetics of antibiotics in tissue fluid obtained from tissue cages (11, 12) , skin window models (30) , and dialysis units (33) , were different; the levels of drugs did not parallel levels in serum and resembled our results for fibrin clots.
It is hard to evaluate the clinical significance of the results of our studies, and one must be careful before suggesting that large doses should be given at long intervals in the acute phase of infection instead of standard inte'rmittent or continuous therapy. On the other hand, innovative approaches to therapy should be considered seriously, since it may, at the same time, improve efficacy and quality of care. As long as antibiotics are maintained at levels above the MIC in tissues, breakthrough bactere'mia or recurrence of infection should be prevented (35) . Large doses of antibiotics as initial therapy should be further investigated.
